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We studied the dependence of high harmonic generation efficiency on the ellipticity of 400 nm driving laser pulses at 7.7 Â 10 14 W/cm 2 and compared it with the 800 nm driving laser under the same conditions. The measured decrease of high harmonic yield with the ellipticity of the 400 nm laser is $1.5 times slower that of the 800 nm, which agrees well with theoretical predictions based on a semi-classical model. The results indicate that it is feasible to use the generalized double optical gating with 400 nm lasers for extracting single attosecond pulses with high efficiency. Isolated attosecond pulses with a large photon flux are desirable for studying nonlinear processes and for performing attosecond pump-attosecond probe experiments. 1 As the highest on-target pulse energy reported so far is still limited to a few nJ, 2,3 time-resolved attosecond experiments were conducted by combining isolated attosecond pulses with few-cycle femtosecond laser pulses. Isolated attosecond pulses can be produced by sub-cycle gating in high harmonic generation (HHG). Polarization gating (PG), 4,5 double optical gating (DOG) 6, 7 and generalized double optical gating (GDOG) 8 are three such methods for generating isolated attosecond pulses, each of them making use of the ellipticity dependence of HHG. They have been demonstrated with 800 nm lasers. It is known that reducing the wavelength of the driving laser is an effective way to increase the photon flux in HHG. 9 Theoretical models predict that the harmonic efficiency scales as k À6 in the plateau region of the HHG spectrum, 10 where k is the wavelength of driving laser. Experimentally, an energy conversion efficiency of 10 À4 at $90 eV HHG photon energy with a 400 nm driving laser has been reported, 11 which is two to three orders of magnitude higher than that from 800 nm lasers. This gives hope to increase the photon flux of isolated attosecond pulses by orders of magnitude.
In this letter, we present measurements of the ellipticitydependent HHG yield produced by 400 nm driving pulses and compare it with the result for 800 nm driving lasers. Based on the 400 nm ellipticity dependence, we discuss the feasibility of PG, DOG, and GDOG to extract high photon flux isolated attosecond pulses generated by 400 nm driving lasers.
The experimental setup for measuring the ellipticity dependence of HHG with 400 nm lasers is illustrated in Figure 1 . The 400 nm driving pulses were produced by frequencydoubling 30 fs, 4.8 mJ, 800 nm pulses from a kHz Ti:sapphire regenerative amplifier using a 300 lm beta barium borate (BBO) crystal (type I phase matching). 12 Two dichroic mirrors that reflect 400 nm and transmit 800 nm light at 45 angle of incidence were utilized to remove the fundamental radia-tion. The 895 lJ, 400 nm pulses were focused into a 1 mm long helium filled gas cell using a 375 mm focal length silver-coated concave mirror near normal incidence. The HHG spectrum was measured with an XUV grating spectrometer. 7 The diffraction efficiency of the toroidal grating depends on the angle between the XUV polarization direction and the groove of the grating. To minimize this effect, the ellipticity of the 400 nm light was controlled by a combination of a zero-order half-wave plate and a quarter-wave plate. The optic axis of the latter was fixed while the half-wave plate was rotated to change the ellipticity. As a result, the major axis of the ellipse of the laser light was kept normal to the groove of the grating. 13 Separation of the 400 nm driving laser radiation and the generated harmonics was accomplished by blocking the former using a 300 nm aluminum filter. The ellipticity dependence of the HHG efficiency for the 800 nm laser was obtained using the same experimental setup but with optics designed for 800 nm.
Ellipticity dependences of HHG with 400 nm and 800 nm driving pulses, measured at a peak intensity of 7.7 Â 10 14 W/cm 2 at the helium gas cell, are presented in Figure 2 . The measured harmonic efficiency drops by 90% at ellipticity of 0.31 and 0.21 for 400 nm and 800 nm, respectively. It is clear that the HHG signal is less susceptible to ellipticity for the 400 nm laser.
We developed a theoretical model to explain the effect of the driving laser wavelength on the ellipticity dependence. It is based on the assumption that the dominating contribution to the XUV emission is from the electron trajectories where the transverse displacement in an elliptically polarized field is compensated by an initial transverse velocity when the electron is freed by tunneling.
The laser field is modeled with ellipticity e and angular frequency x 0 and assumed as a plane wave that travels in the z direction,ẼðtÞ ¼ F= ffiffiffiffiffiffiffiffiffiffiffiffi ffi 1 þ e 2 p ½xcosðx 0 tÞ þŷesinðx 0 tÞ. Here,x andŷ are the unit vector in the x and y direction, respectively. Further it is assumed that the electron tunnels out at time t 0 close to the maximum of the field and with zero initial velocity in the x direction, i.e., along the major axis of the ionizing field. Coulomb effects to the trajectory are 
where v ?0 is an initial perpendicular velocity along the yaxis.
The XUV emission is maximized if the electron returns to the ion, i.e., the origin, at a later collision time t > t 0 . In the strong field regime, effects due the magnetic component can be ignored and thus z ¼ 0 is fulfilled. However, the electron can never return to xðtÞ ¼ yðtÞ ¼ 0 if it is released with zero perpendicular velocity v ?0 ¼ 0, whereas a nonzero perpendicular velocity v ?0 6 ¼ 0 allows such a return. Thus, an efficient recombination occurs when the perpendicular displacement is compensated by the initial perpendicular velocity, i.e., when yðtÞ ¼ 0 in Eq. (1) is reached at time at t,
In the case of small ellipticity (e ( 1), one can approximate xðtÞ ¼ 0 with the results for linear polarization where the tunneling phase x 0 t 0 ¼ 0:107 Â 2p and the return phase x 0 t ¼ 0:55 Â 2p are found to generate mid-plateau harmonics from the short trajectories. 13 This results in v ?0 ¼ 1:12eF=x 0 using Eq. (2). Apparently, the required perpendicular velocity is higher for larger ellipticity.
The probability for the electron to tunnel out with a perpendicular velocity has been discussed theoretically 14 and tested experimentally. 15 Using the results from above, one finds
Here, I p is the ionization potential of the target atom. In this picture, the HHG yield at increased ellipticity is lower due to the fact that electrons with larger perpendicular velocity have a smaller tunneling rate. This analytical result indicates that the ellipticity dependence of the high harmonic field is nearly Gaussian, with increasing width for lasers with higher carrier frequency. This is consistent with our comparison of the HHG signal from 800 nm and 400 nm lasers at the same field strength and ellipticity. Target atoms with higher ionization potential and higher field strengths are expected to result in narrower ellipticity dependence.
Equation (3) is valid for ellipticity e ( 1. For an arbitrary ellipticity, the electron releasing and return time need to be obtained by solving the electron's equation of motion in the x and y directions numerically. The numerically calculated ellipticity dependence is included in Figure 2 . The calculated results agree quite well with the experiments.
The weaker dependence of HHG on ellipticity at 400 nm as compared to 800 nm affects the design of gating schemes for isolated attosecond pulse generation. When the driving laser in PG, DOG, and GDOG is created by superimposing two counter-rotating elliptically polarized fields, the width of the gate where the driving laser is linearly polarized can be expressed as,
where a is 1 for PG and DOG and 0.5 for GDOG, 8, 13 s p is the pulse duration of the driving pulse, and T d is the delay between the two counter-rotating elliptically polarized fields. The threshold ellipticity, e th , defined as the ellipticity at which the harmonic yield has dropped by an order of magnitude, is 0.31 for 400 nm driving pulses and 0.21 for 800 nm driving pulses, see Figure 2 . Larger e th requires larger delay to achieve the same polarization gate. This results in a lengthened leading edge of the pulse and therefore increases the ground state depletion at the time of the gate.
We calculated the required delay T d for 400 nm laser pulses as a function of pulse width and estimated the ground state depletion using the Ammosov-Delone-Krainov (ADK) rate 16 in supplementary material. 17 We found that a 400 nm pulse comprised of about five optical cycles (s p ¼ 6.5 fs) can produce single attosecond pulse using GDOG without completely depleting the ground state. The delay required for GDOG is 6.9 fs, which is comparable to the laser pulse duration of 6.5 fs. This is desirable to maintain high laser intensity inside the gate. Sub-10 fs 400 nm pulses have been generated by pulse compression through self-phase modulation in gas-filled hollow core fiber. [18] [19] [20] In conclusion, our measurements show that the HHG yield from a 400 nm driving laser drops more slowly with increasing ellipticity than that of 800 nm driving lasers. We expect that the generalized double optical gating is appropriate to take advantage of the increased conversion efficiency at short driving laser wavelengths in generating high energy isolated attosecond pulses. This material is supported by the U.S. Army Research Office, and by U.S. Department of Energy and by National Science Foundation.
